An analytical model is developed to clarify the slag film infiltration into grooves on a copper mold during the continuous casting of steel slabs. A grooved-type casting mold was applied to investigate the infiltration of slag film into the grooves of a pitch of 0.8 mm, width of 0.7 mm, and depth of 0.6 mm at the vicinity of a meniscus. The plant trial tests were carried out at a casting speed of 5.5 m min À1 . The slag film captured at a commercial thin slab casting plant showed that both the overall and the liquid film thickness were decreased exponentially as the distance from the meniscus increases. In contrast, the infiltration of slag film into the grooves had been increased with increasing distance from the meniscus. A theoretic model has been derived based on the measured profile of slag film thickness to calculate the infiltration of slag film into the grooves. It successfully reproduces the empirical observation that infiltration ratio increased sharply along casting direction, about 80 pct at 50 mm and 95 pct at 150 mm below the meniscus. In the model calculation, the infiltration of slag film increases with increasing groove width and/or surface tension of the slag. The effect of groove depth is negligible when the width to depth ratio of the groove is larger than unity. It is expected that the developed model for slag film infiltration in this study will be widely utilized to optimize the design of groove dimensions in continuous casting molds.
I. INTRODUCTION
CONTROLLING mold heat transfer is one of the most important factors for both the quality and productivity of continuous casting of steel. In particular, mold heat flux density should be maintained under a threshold value [1] at the vicinity of the meniscus to avoid the longitudinal surface cracks on cast slab. Generally, the mold slag film between the casting mold and solidifying steel shell shows the largest effect on mold heat transfer. It is well known that mold heat flux density decreases when one applies mold flux of a larger basicity or higher solidification temperature. Many previous reports [2] [3] [4] [5] [6] [7] showed that crystalline phase in the slag film can reduce mold heat flux density. Though the mechanism has not been clarified yet, there were a few suggestions about why the crystalline phase increases thermal resistance-increase of interfacial thermal resistance due to volumetric contraction, [2] [3] [4] increase of radiative thermal resistance due to larger absorption coefficient, [7] [8] [9] [10] and increase of conductive thermal resistance due to voids. [11] However, there is a limit to reduce the mold heat transfer by accelerating crystallization because the crystalline phase deteriorates the lubrication of mold slag film, which may cause sticking type breakouts especially at the high speed thin slab casters.
There have been several trials of mechanical texturing such as shot blast [12] or groove [13] on continuous casting molds to reduce mold heat flux density without worsening mold lubrication. It is believed that the surface texturing such as groove enhances the soundness of the cast slab by controlling nucleation, dispersion of thermal and transformation strain, and reduction of irregularity in solidifying steel shell due to the increase of the thermal resistance in the immediate vicinity of the textured surface. However, there has been no systematic model for understanding the thermal resistance determined by the infiltration behavior of mold slag into the grooves. Therefore, in this study, the authors aim to elucidate the slag film infiltration mechanism into the grooves to get the basis for a comprehensive understanding of mold heat transfer and solidification in the mold.
II. EXPERIMENTAL
A grooved-type casting mold was applied. There are three factors to characterize the groove's shape: pitch, width, and depth, as shown in Figure 1 . In this study, the grooves were machined to have 0.8 mm of pitch, 0.7 mm of width, and 0.6 mm of depth on the wide face copper mold of overall 1200-mm height, which is divided into 700 mm of bare copper region and 500 mm of nickel-coated area. Also, the grooves were located at the center of broad faces of the mold plates. The grooved region was 2250 cm 2 for each plate, 900 mm in the width direction, and 250 mm in the casting direction. Because the meniscus started at 100 mm below the mold top, the overall length was 150 mm where the solidifying steel shell was affected by the groove during casting operations.
The plant trial tests were carried out in the thin slab caster at Gwangyang Works, POSCO. The operation conditions for casting are summarized in Table I . At the exit place of the casting mold, the slab was 1260-mm wide and 100-mm thick. After mold cooling, the slab thickness was reduced to 80 mm during strand cooling by liquid core reduction. The casting speed was maintained by 5.5 m min À1 throughout plant trial tests, even at the end of the casting operation when the stopper was closed. The cast slab was a low carbon grade steel of 0.04 wt pct C and 0.25 wt pct Mn. The physical properties of the mold flux used are given in Table II . During the casting operation, the thickness of the slag pool on the mold top surface was about 10 mm at the middle of the mold top surface and about 2 mm on the periphery.
At the end of the casting operation, the level of molten steel dropped to 150 mm below the normal meniscus position at a rate of 20 mm s À1 by closing the submerged entry nozzle, SEN. Therefore, it is believed that the slag sample taken from the mold wall can represent the slag film between the mold and steel shell during the casting operation. After the casting operation, the slag film stuck on the grooved area was collected for detailed analysis.
III. RESULTS

A. Morphology of Slag Film
The mold surface appearances before and after the casting operation were compared with each other in Figure 2 . The slag film stuck on the grooved mold could be collected after the casting operation. Figure 3 shows an example of the cross section of the slag film collected near the meniscus. One can easily understand the distance from the meniscus to any point of slag film stuck on the mold. In Figure 3 , the shape of the slag film at the meniscus is round due to the surface tension between the slag and molten steel. Also, the length of the meniscus is about 8 mm, which is in accord with the previous report by Jimbo et al. [14] Furthermore, in Figure 3 , the slag film under the meniscus is glassy and crystalline, while most of slag film above the meniscus is fully crystalline. The glassy layer on shell side is believed to be the liquid slag film during casting operation.
To understand the slag film structure and infiltration into groove, micrographic investigations have been carried out on the slag film cross sections perpendicular to longitudinal direction of the casting mold, in Figure 4 . The ratio of the crystalline phase increases gradually in the casting direction because the nucleation can be accelerated by lowered temperature of the slag film due to the growth of solidification steel shell. In Figure 4 (a), the crystalline is as tiny as a few micrometers at the bottom of the groove. The crystalline increases in size to be few tens of micrometers near the steel shell. Also, the morphology of the crystalline varies from a facet on the mold side to dendrites on the shell side. It is believed that the faster cooling rate of liquid slag film is responsible for dendrite formation after the end of the casting operation. [15] 
B. Slag Film Thickness and Infiltration Ratio into the Grooves
The cross sections of the slag film were investigated using a low-magnitude microscope to measure the film thickness profile. The overall film thickness, glassy film thickness, and infiltration depth are plotted against the distance from the meniscus in Figure 5 . The glassy film can be found 5 mm below the meniscus. The glassy film should be regarded as liquid slag during the casting operation as mentioned earlier.
It is worth noting that both the overall film thickness and the liquid film thickness become thinner as the distance from the meniscus increases, as can be seen in Figure 5 (a). The reduction of film thickness is sharp just below the meniscus, and the change is mild at the lower part. On the whole, the correlation between film thickness and the distance from the meniscus is exponential that. Empirical equations have been suggested by regression for slag film thickness of applied mold flux in this study as follows:
9642 for overall slag film thickness ½1 where y is the film thickness (mm) and x is the distance from the meniscus (mm). Also, the infiltration depth of the slag film into the grooves measured for the cross-sectional morphologies in Figure 4 is shown in Figure 5 (b). The infiltration depth increases with increasing distance from the meniscus-0.22 mm at 5 mm below the meniscus and 0.55 mm at 150 mm below the meniscus, which are equivalent to about 35 and 90 pct of infiltration ratio, respectively.
IV. DISCUSSION
A. Slag Film Thickness Profile
The main purpose of surface texturing on the casting mold is stabilization of mold heat transfer by increasing thermal resistance. During casting operations, the inside of the grooves will be partially filled with mold slag, as shown in Figure 1 . As the air gap has much a larger thermal resistance than the infiltrated mold slag, it is very important to understand the infiltration behavior of mold slag into grooves during continuous casting operations. In this context, one should define the profile of liquid slag film thickness along the casting direction, which is one of the main parameters to control the infiltration behavior of mold slag into the grooves.
There were two kinds of contradictory reports against the thickness profile of liquid mold flux film in a continuous casting mold-increase [16] [17] [18] [19] or decrease [20] [21] [22] [23] [24] of thickness of the liquid slag film as the distance from the meniscus increases. Kajitani et al. [19] simulated mold oscillation and mold flux infiltration using a system consisting of oil, an acrylic plate, and a polyethylene belt which correspond to the mold slag film, the copper mold, and the steel shell, respectively. They reported that the thickness of the mold flux film will increase along the casting direction based on their simulation results. On the contrary, Yi et al. [20] carried out an FEM analysis to determine the shape of the slag film with the assumption that the thickness of the liquid slag film changes linearly along the casting direction. Without considering the mold oscillation, they reported that the thickness of the liquid slag film should decrease along the casting direction to apply the same amount of positive internal pressure in the liquid slag film as the static force of liquid steel in the casting mold. Meng and Thomas [21] [22] [23] also reported a kind of monotonous decrease of liquid slag film along the casting direction from the numerical analysis of the Navier-Stokes equation, taking into account the mold oscillations and dependence of slag viscosity on temperature.
In this study, as shown in Figure 5 (a) and Eq. [2] , the liquid slag film thickness obviously decreased along the casting direction in a commercial casting mold at least 150 mm from the meniscus. Nakajima et al. [1] carried out a series of casting trials at a pilot caster. They investigated the slag film captured during casting trials at the exit of the casting mold and reported that the liquid film thickness was around 0.15 mm at the exit of the casting mold when the casting speed is 5.0 mpm. As this reported thickness of 0.15 mm is much smaller than that measured at the lower end of the groove in Figure 5 (a), it is reasonable to consider that the slag film will decrease along the casting direction for the whole length of the casting mold, which accords closely with the report of Yi et al. [20] and Meng and Thomas. [21] [22] [23] To confirm the validity of the above result, it is necessary to look over whether the profile of the slag film arose from any extraordinary operation conditions in this study. First, one may consider the presence of grooves on the casting mold. During casting, the slag film will infiltrate into the groove due to the generated internal pressure. The slag film thickness may increase when the fluidity of the slag film is decreased by rapid solidification of the infiltrated film. As shown in Figure 5 (b), the infiltration of the slag film becomes larger at the lower part of the casting mold because the internal pressure increases along the casting direction in the mold. This implies that the fluidity effect, if it exists, should be larger at the lower part of the casting mold. As the liquid slag film thickness monotonously decreased along the casting direction, as shown in Figure 5(a), it is found that the presence of the grooves does not have a decisive effect on the slag film thickness profile. Next, the effect of the casting speed will be discussed. It is obvious that the liquid film thickness will decrease with increasing casting speed, considering previous investigations by numerical [25, 26] and empirical [1] analyses. As reported by Yi et al., [20] the thickness gradient should be larger along the casting direction with increasing liquid slag film thickness when one considers the same amount of internal pressure as hydrostatic pressure in the casting mold. Therefore, there will not be a decisive difference in the profile of liquid film thickness between conventional and high speed casting processes, though the thickness change along the casting direction during the conventional casting process will become larger than that measured in this study.
B. Calculation of Internal Pressure of Slag Film
There are two steps for calculation of mold flux film infiltration into the grooves. First, the internal pressure was calculated using the slag film profile suggested in Eq. [2] . Then, the infiltration depth was analyzed with the casting direction. The slag film is considered to be divided into solid and liquid layers. The solid film is assumed to be stationary, while the liquid film is regarded as a Newtonian fluid. Reynolds's equation was selected for the governing equation to solve the pressure distribution. [16] When the slag film thickness at a given position, h(x), is constant, Reynolds's equation for the behavior of Newtonian liquid mold flux film in Figure 6 can be simplified as follows:
where P denotes pressure, q denotes density of the liquid mold flux film, l denotes viscosity of the liquid mold flux film, g denotes the gravitational constant, and V C denotes the casting speed. Integrating Eq. [3] using the boundary conditions below
yields the following equation: [4] , internal pressure of the liquid slag film was calculated when the casting speed is 5.5 mpm and the viscosity of the mold flux is 0.07 Pa s. The viscosity of the mold flux is assumed to be constant for the whole region of analysis. In Figure 7 (a), the internal pressure increases almost along the casting direction to 150 mm below the meniscus, where the internal pressure reaches 24,800 Pa when the mold oscillation was ignored. The profile of the internal pressure is parabolic along the casting direction for the whole length of the mold. Yi et al. [20] reported a very similar result to this study under the assumption that the profile of the liquid slag film was linear. Yi et al. [20] also had a criterion that the total internal force in the slag film should be equal to the hydraulic force acting on the solid steel shell, which is reasonable considering the force balance around steel shell in mold. In this study, on the other hand, the average internal pressure in the slag film is about 2.1 times larger than the hydraulic force, 87,878 and 41,500 N/m 2 , when the oscillation was ignored.
To match the internal pressure to hydraulic force, the effect of mold oscillation on internal pressure was analyzed. The internal pressure was calculated for various velocities of the casting mold due to oscillation. As shown in Figure 7 (b), the internal pressure increases during downward movement and decreases during upward movement of the casting mold. The hydraulic pressure agrees with the internal pressure when the casting mold moved upward at a speed of 2.85 m min À1 , 57 pct of the casting speed. Also, on this condition, the internal pressure is about 12,800 Pa at 150 mm below the meniscus, which is roughly half of the internal pressure when the mold oscillation was ignored as shown in Figure 7(a) . Followed by the discussion above, the mold slag infiltration into the groove was simulated, in the next chapter, using the internal pressure of the slag film when the mold velocity is 57 pct of the casting speed.
C. Model for Slag Film Infiltration into the Groove
The infiltration of the slag film into the groove was calculated using the internal pressure distribution analyzed in the previous chapter. The schematics of the calculation method can be seen in Figure 8 . The capillary pressure for infiltration into the groove can be summarized as Eq. [5] , when the length of the groove is sufficiently larger than the width. 
Capillary pressure
where c is the surface tension of the mold flux. The infiltration width, W I , can be calculated using the criterion that the infiltration of the slag film can occur when the internal pressure reaches the capillary pressure.
where x is the distance from the meniscus, shown in Figure 6 . When the infiltration width was smaller than the groove width, W I < W, the infiltration depth, d I , could be defined as follows:
where a is the internal infiltration factor into the groove without contact.
In Eq. [7] , the infiltration factor, a, means the amount of infiltration into the groove by bending without contact with the wall of the groove as can be seen in Figure 8 . When the internal pressure is insufficient to make the film infiltrate into the groove, W I > W, the infiltration depth was calculated by assumption of the shape change of the slag film due to the internal pressure as follows:
where P * is the internal pressure when W(x) = W. The infiltration ratio, d I /d, was calculated using Eqs. [5] through [8] , with various assumed infiltration factors, in Figure 9 . The infiltration factor was finally determined to be 0.55, which brings results similar to the measured ones. The infiltration ratio increased sharply along the casting direction in the vicinity of the meniscus as can be seen in Figure 9 . The calculation shows that the infiltration ratio reaches about 80 pct at 50 mm below the meniscus. Also, the increase of the infiltration ratio is predicted to be gradual till it reaches 95 pct at 150 mm below the meniscus. Using Eqs. [5] through [8] , under constant internal pressure of the slag film, the infiltration depth is determined by the groove dimensions and surface tension of the slag. Figure 10 shows the calculated infiltration ratios with respect to groove depth, width, and slag surface tension. The infiltration ratio increases with increasing groove width and/or surface tension of the slag film, which can be predicted in Eqs. [5] through [8] . Also, there is a negative correlation between groove depth and the infiltration ratio. The effect of groove width strongly depends on the width to depth ratio of the groove. It can be seen in Figure 10 that the effect of groove depth is almost imperceptible when the width to depth ratio of the groove is larger than unity.
It is largely expected that the local heat transfer in the casting mold will be influenced considerably by using a grooved mold. As the thermal resistance of air is much larger than that of the slag film, it is important to understand the infiltration of the mold slag film into the groove for controlling the mold heat transfer. Therefore, the developed model for the slag film infiltration in this study will be widely utilized to optimize the design of groove dimensions in continuous casting molds.
V. CONCLUSIONS
A model has been developed to study the infiltration of slag film into the groove on casting mold based on the thickness profile of the slag film captured, when the casting speed is 5.5 mpm and the viscosity of the mold flux applied is 0.07 Pa s at 1573 K (1300°C). The following conclusions were drawn from the study:
(1) Both the thickness of the liquid film and overall slag film decreased along the casting direction till 150 mm below the meniscus. On the basis of the measurement, the slag film thickness profile has been suggested as follows:
y ¼ 3:179x À0:4079 for overall slag film and y ¼ 2:912x À0:4578 for liquid slag film where y is the film thickness (mm) and x is the distance from the meniscus (mm). (2) The internal pressure of the slag film increases almost linearly along the casting direction to the 150 mm below the meniscus. The hydraulic pressure agrees with the internal pressure when the casting mold moved upward at 57 pct of the casting speed. (3) A calculation model has been derived using an assumption that the infiltration of the slag film can occurr when the internal pressure is equivalent to the capillary pressure. (4) When the groove specification is 0.8 mm of pitch, 0.7 mm of width, and 0.6 mm of depth, the predicted infiltration ratio increased sharply along the casting direction, about 80 pct at 50 mm and 95 pct at 150 mm below the meniscus. (5) By the model calculation, the infiltration of the slag film increases with increasing groove width and/or surface tension of the slag film. Though there is a negative correlation between groove depth and the infiltration ratio, the effect of groove depth is negligible when the width to depth ratio of the groove is larger than unity.
